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CONVERSICON TABLE

CONVERSION FACTORS, NON=SI TO SI (METRIC)

UNITS OF MEASUREMENT

Non=8I units of measurement used in thls zeport can be converted to SI

(metzic) unics as follows:

SN ' }5-F PN

By

degree {(angle)
Zeot

feet per second
inches

inchos3 (volumae;
section modulus)

inches per second

inches? (second
moment of arzea)

kilotone

kips (1,000 pounds force)
kips per squaze inch
microinches

pounds (force) per
square inch

pounds (mass)

pounds (mass) -seconds
squared per lnch

square feet
square inches

tons (nucleaz
aquivalenz of TNT)

0.01748
0.3048
0.3048
2.540
16.38706

2.540
0.4162314

4.184
4448.22
6.8947587
0.0254
6.894757

0.45389237
17.858

0.99290304
€.4516
4184.0

iv

To Obtain
zadlans

metzes

metzes per second
centimetzes

cubic micrometzes

centimetzes per second

micrometzes to
the fouzth power

megaioules
newtons
megapascals
megametres

kilopascals

kilograms

kilogram=-seconds
squared per metre

squaze Metzes
square centimetres
magajoules
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SECTICN &

INTRODUCTICN AND BACKGRCUND

A most lmporzan: component of any hazdened command and SonTIool structure
is the ancenna system that provides the communication link with the ocutside
worid. Consequent.y, either the antenna system or the stzuctures housing
such antennae need to be hardened to reslst specilfied threats. It Lis
probably not practical to harden either exposed wihip or directiona. antennae
#5r overpressures Jreater than, say, 25 psi. Consequently, blast and EMP
hardening is achieved by housing antennae in stzuctures designed o zesisc
speciiied overpressure .evels,

Whip-type o0r =elescoping anternae excend up =0 about 60 feet in shs air
and have an operating range of about 100 miles, depanding on terzain
features. Oirectlonal antennae have parzabolic dishes and zan be seamed =3
satellites for world-wide communications. The diameter of tzhe dish is
dependent upon the frequency zange of the communication sysuem. For
example, in the super high-frequency (SHF) range, parabolic dished having
diamezers 3 Zeet and greater aze commen. In the extrza high-fzequency (EAF)
range, 3ishes having diametars 2 to 3 feet in diameter are realls:ic,

3ased on =he size and function of these antennae, i: zsascnable :hat a
Zamily of f£liush-buried, silo-type structures having inteznal diameters of
48, 96, and .44 inches up to 20 feet in length should conceivably house any
o¢f =he antenna types including necessazy components, L.e. sransmizuers,
recelivers, powsr supplies, etc. It is anticipated that an overpressure
zange from I ki.cbar (approximately 15,000 psi) o 500 psi from a L-MT
device should meet the requirements for most desiyn considerations and
consequently has been used as the basis of design for this zeporzs.

For tne «whip antenna, a concept is shown in Figure . using a silo=--ype
structuire with 4 removabie <losure that will house an antenna zhat zan e
~alescoped into =he aiz., 7Two generallzed schemes are shown in Figuse 2 2:s:
a pop~-up and foid-out and a pop=~up directioral antenna. The use of a 25.d-

up antenna minimizes the size 2¢ the hardened stzucture and hence its cost.



».a CBJECTIVE,

The sbiecnive is %o provicde cesign guidance £or a family cf stroucturzes
that can protect whip and directisnal antennae fzom tiha bilast and shock
effecss fzom a 1-MT device foz ground surlace overpressuzes zanging fz:m
18,900 to 900 psi.

«.4 SCOPE.

The pertinent weapons effects critezia Zor a L=MT device detonated on
and over a dry, sandy, silty soil terzain were first defined. These effec:s
necessary for design included the crater size, the ejecza Zleld, aizblasct,
and grzound shock for ground surface air overpressure levels ranging fzom
25,000 =5 500 psi. As the antennae, srsansmitters, receivers, power
suppllies, and lifting mechanisms will be located within such structures,
appropriate shock spectza plots were developed to determine (£ the fzagllicy
level of pertinent squipment will be e:xzcesded and for designing shock
isclation systems. The static resistances of a family of silo=:ype
structures having internal diametezs of 4, 8, and 12 feet and leagths up o
<0 Zest were determined forz the pressure ranges of interest., 3oth slab and
dome-type c.cfures were considered. The influence ¢f strain rates and the
eziaxial state of stress of concrete were examined to show she signifizance
98 these parameters in detezrmining the resistance 0f tne silc syscem =9
overpressure. Power requizements wers determined to push the slosures
chrough an efecta field. Lifting and/or handling mechanisms for s.ab and
dome closures as we.. as lifting mechanisms £or the vazious ypes of
antennae were also examined., The relative cost of the variocus elements of a
hazdaned silo stzucture =0 include the lifsing systems ls presentzed in =erms
of overpressure level. Frzom this i(nformation, cost tracde-offs versus
distance can be studied. Flnally, an assessment «as made desczibing where
improvaments aze needed for dasign procedures, what supporcsing dJdata are
pertiaent, and what field tests are needed =0 support the role ¢f hardened

structures to house antennae.




Figure .. Design concept for scructure housing a whip antanna.
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Figure 2. Dasign concepts for structures housing directional aatennas.




SECTICN 2
WEZAPONS EFFECTS LOADING PARAMETERS

in the design of any system, it is £irzst important %o estab.ish the
input icadiag conditions. The lcading conditions generzated by :=he
detonation of an explosion :that need o be considered in the design of a
struccuze include alzblasc, ground shock (airblast, dizect, and crase:
induced) and ejecta. We shall assume for demonstration and design puzposes
a 1-M7 weapon detonated in a dry soil environment. The weapon can be
detonated above, on, or helow the ground surface; each of these dezdnation
gaometzies procduces 1 dlfferent set of maximum loading condisisns. Tor
exanmple, it 13 possible for an airburzst 25 maximize ground surfaca air
ovezpressure values bhut minimize cracering effects. e shall examine the
diffezent possible detonation gecmetries and determine 4 consistcent set of
~oading sondicions.

“n establishing the loading condition produced by the detonation of a
nuclear device, we used the Air Force Design Manual (Refezence 8), compuzer
codes (Refezence l4) developed by the Defense Nuclear Agency (DNA), and the
Amezican Joclety of Civil Engineers Manual 42 (Reference 2).

2.1 DETONATION GEOMETRIES.

“hree bdurst conditions for a 1-MT weapon were assumed, a3 shown in
Figure 3, for a dry soil site, say, a dry sandy sils. Height-of-buzst (HCB)
and sursface burst gecmetries were considered for airblast loading
conditlions. The near~surface (charge below ground surface) condizion was
selected t0 produce maximum horizontal direct-induced ground motion, crater
size, and maximum ejectza,

2.2 AIRBLAST.

ne aptiﬁum HOB dor a L-MT weapon to produce 10,000 psi out =0 a sange
34 30C Zaet is about 600 feet. The optimum HOB is about 300 feet to preauce
a4 ground surface air overpressure of 5,000 psi at a ground range of about
<, 000 Zeet. As we are interzested in overpressures up to L kilobar

(15,300 psi), an HOB of 500 feet was selected as being a zeasonable



sondicion for the aboveground 3uzst of incereast. Shown in Figure 4 are -2e
peak ground surface air ovezprassure distance zelationships (Refezence .4)
dor a HCB of J and 3500 feet., At a range of 650 ZfeeZ, =he peak Draessures
based on =he DNA code (Reference 14) arze about § percent lower than the
Bzode=Speicher predictions (Reference 2) and abuut 4 pezcent lower at a
zange of 900 feet., The positive phase duration and impulse 2oz a L1=M7
surdace burst for an HOB of J and 500 Zeet aze shown in Figura 5. Shown in
Tiguze 6 is the airblass shock front velocity (U} wich range for an HOBR 3£ )
and 500 fZeet for a i-MT weapon. However, based on conversations with

Mz, James D. Cooperz, of the DNA, and zecent information, 4% will be assumed
shat a buzst at a 500~Zoot HOB will produce about the same al:zblast
conditions as an HOB of zezo. Hence, the conditions 2oz an HGCB of zero wil.
e used for the calgoulations fox alzblast in this repors:,

<.3 CRATER LFTECTS,

The crater volume, rzadius, depth, and doth the median and maximum
thicknesses of ejecta for s 1-MT detonation for a zezo MOB are shown in
Figure 7. Tor compazison purposes, the madian eilecza thickness wuith rzange
£or an HOB of 0 and depth of duzstcs (DOB) of 8 and 10 feet are shown in
Figure 8. The crater dimension 2oz =he two DOB asonditions arze also shown.
The electa with distance has been shown on an expanded vertical scale so
that the magnictude of cthis soil cover can be better appreciaced, sspeciaily
when considering the probiem of pushing a closure system protecsing an
ancenna through such an earth cover. Also, the volume of a crater is an
imporzant factor when estimating near-surface late-time ground motions., o=
should a.so be noted that 2oz HOR’Ss greater than about .00 feet, therze will
be no craters,

.4 GROUND SHOCK,

Sround shock propagation in a real geologic situation, L.s. Layers of
soil, water tables, and rock interfaces, i3 a very complex phencmena. Taz
design purposes we have selected a simple geologic condizion, a dzy
nomogeneous scil., Even though such &4 geometry is simple, =he range of
loading sondizions developed are realistic when considering the design of




near-surface hardened structures, Thera are basic, accepted categories cif
ground shock, namely: ajrzblast induced, di:ecs induced, and gzates iaduced
shat will be described in :=he following sectulons.

2.4.1 Ailzblast-Induced Ground Shock.

An expanding aizblast wave loads the ground suzface imparting an aiz-
induces ground shock. The chazacter of the induced ground shock is stzangly
influenced by the relative values of the alzblast shock velocity and the
wave velocity of the ground media. The induced ground shock propagates as
compression waves (dilatacional waves), shear waves, and suzface waves.
Theze are three regions of interast for the ground surface, alrz overpressure
wave, L.e. superseismic, zransseismic, and subselsmic.

The gupecselsmic zegion is defined as that wheze :the shock fzont
velocicy of che alzblast exceeds that of the dilatational and shear wave
velocicies of zhe ground medium:

U>Cy >y (2.1)

wheze:
U = Alzblast saoeck front velocity.
C, = Dilatational wave ve.ocity in ground medium,
Cy = Shear wave velocity in ground medium.

Since the airblast velocity in the supazselsmic region is greater than
she dilataticnal or shear wave velocitles, no disturbarnces aze propagated in
frons of the alrzblast wave.

The szansseismic zegion is defined when the airblast shock frzont
velocity beacomes less than the dilatational wave velocity but greater than
the shear wave ve.ocity!:

Cp>I>C, (2.2

The subselsmic zegion is defined by the condition when the airblasc
shock front velocity is less =han both the dilatational and shear wave

velocitlies:




Cp > Cy > Y (2.2

ca zhe sc-called outzunning zegion for both the transseismic and
subseismic regions, the ground disturbances can become quite compiex and :he
motions aze primarily hozizental.

In an elastic medium, it has been shown (Referzence .9) that for
macezials with a Polisson’s ratio (4) ranging between 0.3 and 3.4, the
diatational wave velocicsy is about twice that of the shear wave. The 3hear
wave velocities (Reference .9) for low stress levels (seismic energy) fcr a
fine silty sand for shallow depths, say, up to 20 feet, are approximately
500 =0 600 f25/s. Associated dilatational wave velocities of 1,200 2t/s aze
reisonable., Tor our design case, we shall 2ssume that:

Cpn = 1,200 £2/9

P

Cy = 300 £5/s

Based on alirzblast, zhe ground ranges of interest extend from about 630 uo
2,000 feet fzom ground zere (G2). By examiuing Flguze §, it is obvious that
our domain of intezest is in the superseismic zegion as the aizblast shesk
dzont veioclity iy about §,000 f£t/s at a range of 2,000 Zeet, which is mueh
greater than =he dilatational wave speed at that rangs. Hence, it is
zeasonab.e tO assume that a one-dimensional procedure for ground sheek
prediczions s adequate. The flat entry angle that air~induced ground shccek
wave makes with the ground surface supports this assumption and .s shown un
Figure 9 for ground zanges of 700 and 2,000 feet f£zom G2,

A one-dimensional approximation of the aiz-induced ground shock is
discussed in the following sections,

“ e 4 d - ~d Y, * 4

. The stc-ess,
pazticle velocity, and displacement as functions of t¢ime and depth 2oz the

one=-dimensional elastic case (2 = 1) are as follows (Reference 8):
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wheze:

2 = Depth,
t = Time,
2, = Vercical stress.
pl(t) = Qverpressure time history.
Cy, = Loading wave propagation velocity.
vy = Vertical pazticle velocity
p = Mass density of soil.
dy = Vertical displacement,
Sciutions for the case of no strain recovery (z = 0) have been deterz-
mined for nuclear overpressuze functions and are as follows (Refersnce 8):

n z % n+l
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2 e "
for E: <t <t and p(t) = Pso (1 - ?:)

The parameters t, and n should be selected so t=hat =he approximazion
contains the same impulse as the actual airblast overpressure up o the
maximum cime of interzest., Measuzed field data show that zise time increases
a8 the STUZe8S Wave Dropagates into the ground. In ozder for thae stzess wave
co be more reallstic, the initial arzzival is assumed to occur at a time as
25llows (Reference 8):

««
B
OI [
—
>
W

wheze:
Sy = Wave Zront arzival.
z = Depth.
Cy = Velocity of wave front.

The velocity (C;) of the wave front should be assumed as the insitu
seismic velocity., The peak stzess s assumed 20 ociuzr at & time equal =9
2/Cq,

The assumption of ocre-dimensional wave propagation in a homogenecus nall
SpaAce i3 not exactly a true representation of she zeal world, especially
when assuming elastic conditions, However, the prediction procedures aze
zelilable estimates of response for ralatively homogeneous sites and
estimaces of the incident wave propagating into the upper .ayer of layersd
sites at early Simes after aizblast azrzival,

Shown in Figures 10 through 14 are the norma.ized, verzica. stress and
parcicle velccity profiles for peak overpressure va.ues of 18,300, .J,30¢C,
5,300, 1,000, and %00 psi, zespective.y, for depths (z) of §, ), anz
20 Zeet.

The loading wave propagation velocity (Cy) for a dry sandy=-siit solil was
estimated to vary from about 800 to 600 £:/s (Reference 2J) for ground

surface overpressures ranging from 15,000 to 500 psi. Therefore, for
calculation purpcses, values of C, of 800, 750, 700, 600, and 600 £</s
19




were used at overpressure canges of 185,300, 10,000, 5,308, 1,300, and

%30 psi, respectively. GEquations 2.7 and 2.8 were used <o gerezate wva.ues
of stczass and particle velocity for the case where no strain recovery

(z = J) occurs. These va.ues aiso comparzed favorabliy %9 the resul:s fzom a
one-dimensional computer code (Refezence 20). The code was also used =2
predics values for the case of complete stzain zecovery (zr = J), i.e.
elastic case. An estimate of rise time for =he case of no strain zecovery
(2 = ) Ls also shown. The zise time for the elastic case (z = 1) is zez3.
The actua. rise time i3 most likely some value between the iimics described
for the ¢ = 0 and 1 cases, zespectively.

sodea.e PR8K Vertacya Dispidcemens. An approximate expressicn can be
used t3 estimate pedk vertical displacement as follows (Reference 8):

where I, is the total aiszblast impulse. Peak Jdisplacements versus range
are shown in Tigure 18,

2.4, i vergical « The maximum vertical downwazd
accelLesation ls related to the shape of the zise to maximum velocity., 22 a
~inear rzise of particle velocity is assumed, then the maximum accelerzaz:ion
is as followy (Reference 8):

v

Max
. e— (&.23)
3 ‘e

where:
d 4
Smpx ™ Maximum accelerzation.
Ymax " Maximum particle velocity.

S " Rise time =5 maximum veiccity.

At the ground surface, :=He zise time (2,) is about egqua.l to the rise time of
the aizblast, The zise zime values of intezest that cesults in acceleration
va.ues comparzab.e =0 measured field values is on the order of J.00L sec.

Using a value of ¢, = 0.001 in Equation 2.1., an expression for peak

verzilcal accelerzation at the ground surface is as follows (Reference 8):
11
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where Cp; corsesponds o suzface soil condizions., Vaiues of Cy
associated with the overpressuze (P,,) level were described in Section

2.4.1,1, Values of peak vertsical surface acceleration versus range are
shown Ln Tiguze 16.

2:4.5.4 Horizontal Stress and Motions. One-dimensicnal methods present
Liztle information on horizontal stzesses and motlons. Procedures however
hnave been developed from empirzical approaches and two-dimensicna.
calsulasions. In genezal, the procedure assumes some factor (K) times the
vertical stress or motion 5o produce a consistent horizontal valie,

Hozizontal stress is determinad by multiplying the vertical stress by
the coefficient 5f earth pressure at rest (K,), see Table 1. The
relationship is as Zollows!

oy = Ky 0y (2.13)

in general, K, is zeally nct a constant, but varies wish stress level,
stzain zate and whether the soll is being loaded or unloaded, Ffor highly
satuzatad soils, K, appzoaches unity. The rzecommended nozizontali-zd-
rerzizal ravios fsr homogeneous and layered sites is shown in Table 2.
vsiag the information in Table 2, the zatics of peak horizontal to peak
verticas. ground shock components 2oz the superselsmic region are shown in
Table 3. The values of K, shown in Table . are based on soll stresses up
%0 1,000 psi. As we are interested in much higher stresses, values of K,
for stzesses shown in Table 3 are based upon Referencs 20 and conversatlions
wizh Dz. Behzad Rohani of the U.S. Army Engineer Waterways Experiment
dzation., 7o determine horizonnal waveforms, the ground shock component

values 2f :the vertical waveform are multiplied by appropriate K values,
c.4.2 Direct-Induced Ground Shock.

Dizect ground shock zresults from the lnitial stress wave caused by the
dizect coupling of enerzgy into the ground at the detonation point. Feor
12




fully contained bursts, it ls the only form of ground shock that exists,
For high-alzitude bursts it is nonexistent, For buzsts at or near :the
surface 2f zhe ground, direct-induced ground shock is an impoztant effect Lo
che close~in region. For tha design case discussed in this zepor:, we d:ze
particulazly interested in the surface and near-surface burst conditionas.

Most of the empirical data however is for fully contained bursts. Using
scaling relationships, assumptions zegarding coupling, material properztles,
and fzee surface effects, near-surface predictions can be zelated =0 :hcse
for soncained bursts. Based on experiments in soll, it has been ocbsezved
that the atcenuation zate f5r motion is greater in the region below the
chazge than the region closer to the ground surface.

Tor & contact buzst on dzy soil, the estimates of motion on the axis
dizectly beneath the burst are as fcliows (Reference 8):

. 8/6 R -3/2
d=90.5 in, Ty ™ (2.:4)
[ W 2/3 R =2

v w5 ft/se0 v ™7 (a.:8)

, 3 -

W R 4 .

¢ Tl |TRE (2.8

. [

The peak stress assoclated with dirzect-induced ground shock zan be
estimated as follows:

9= pCp vV (2.7
wherze!
0 = 7eak straess,
o = Mass density.
Cy = Loading wave veloci:ty.
v = Peak particle veloc:uty.

13
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The value <C. can be estimated from .aboratdry and insity stress-strain
data or -=aken as approximately one-half the selsmic velocity in soil and
802% zock. Typical measured waveforms have Zeen used 1o astimate wavesc:oms
associated with predicted peak zadial motlon. The zise time (T.) IO peak

velocity (or stzess) can be assumed as follows (Reference 8):

L] -
L. EE o 7 = (2.19)
- i 'i
wherze:
Cp Alse time.

R = Range.

Cy = Seismic velocizy.

The positive or outward phase duration /z,) of the velocity pulse can ze
escimacad as fZollows (Referzence 3):

(3
[N
.
g
|
o
o
o

EE (2..3)
1

The compressive phase duzation ¢f the stress pulse may also be approximated
$zom Equation 2..9, The direct-induced estimates cdesczibed aze confined =2
che axis dizectly beneath =he burst, The motions of£f =he verzical axis,
especia.ly near the ground surface, are strongly influenced by suzlace
effacts. The refinement to include surface effacts are inconsistent wizh
observed data. However, even though conservative, it ls recormended zhacz
the equations shown be used for all other radials through the chazge.

Shown in Figure 17 are estimated plots of peak horizontal displacement,
velocity and acceleration with range. The horizontal stress wizh range is
shown in Tigure l8. It can be cbserved :hat zhe horizoncal stresses and
metions for direct-induced ground shock in =he 800~ =2 2,000-f20t zange are

zelat:ive.y small compared to tie values £or zhe air-induced ground shock
case,




2.4.) <Crater-Induced Ground Shock.

Trom studies of ground motion resulting fzzm high-explosive and nuclear
cratering bursts, corzelatisns have been identified between lLate-time 2zacar

Zormations and late-time near-surface ground motion.

2,4,3,5 Hoxi:z p 3p] « The following equations arxe good
sepresentations of peak horizontal displacements (dy) Sor above and below
surface charges (Referzence 8):

0.45 v, 473
d = . E— (above suzface) (2.20)
h
R
0.1 v.4/3
dh " — (half buried and below surface) (2,21}
R
wheze:!
dy = Peak horizontal displacement.
Va ™ Apparent cracer volume,
R = Range.

An expressicn was developed o describe the permanent norizontal
displacement (dhp) 2or apoveground, surzface :angent spheces :=:at is
representative for near-surface nuclear bursts:

0.2 v 43
. ‘ ﬁ
th.—j_n {2.22)

it has been observed that about 50 percent of the peak disp.acement is

recoversd for a near-surface nuclear burst independent of ground material.

2.4,3.2 Horizonta. Vel gitv. An expression that ralates peak cratar-
induced aorizontal pazticle velecity (vy) as a function of crater volume
wizhiin a factor #4 ls as f5liows (Reference §):

v -2
n R -
-c—-' 0.0 _T-/T 2.23)
[ ] V.




vy = Peak horizontal particle velocity.

S, = S8fective wave velocity.

R = Range.

ty = Arzival cime of first signal fzom busst.
Vo ™ Apparent czater velume.

The effective velocity (Cg) is approximately equal to the selsmic velocity
for unlayered sites. For our case, we shall assume Ce qual t2 zlhe
selsmic veloclity.

A relationship that corzelates rise time 2o peak horizontal displLacement
and crater volume within a factor =5 is as follows:

v 2/3

a 2.2
2.44
2 { )

(¥ ]
<

-
- -

P

)

®

Vertical crater-induced ground metion analyses indicates chat wvercical
displacements, peak velocities, and zise time to peak displacement are
approximacely the same as the corresponding horizontal values at -he same
zange.

PlLots of peak horizontal displacement, permanent displacement, and

pazticle wvelocity for zanges of interest 2oz thls study are shown in
Figure 193,

»S  SHCCK SPECTRUM.

[ 3]

The elastic shock spectra for the thzee ground motions, i{.e. air, dizec:
and czater induced have been axamined. These spectza define the bounding,
maximum values of displacement, velocity and accelezation as a function of
the nacural freaquency of a single-degrae-of-freedom (SDOF) system subiected
T3 a4 prescribed tzansient motion at the attcachment point within a stroucture.
“he zespcnse of the SCOF system :to support motions isg, of course, stIoagly
depencdent upon both the physical characterzistics of the system and :he
nature of the support motion. The input support motion at the attachment
point i3 assumed to be the same as that defined by the free-fie.d
expressions for displacement, velocity and accelerzation which, of ccuzse,
varies with distance from G2.
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fmpizica. methods have teen developed where =he Iinternal shock speczrum
of a stsucture can be determined by amplifying the free-field moticn values
of disp.acement, wvelocity and acceleration, 7o develop the internal shcck
ypectzum, ampiification Zactors (Reference 123) for § pezcen: crizica.
damping of 1.4, 1.7, and 2.1 for displacement, velocity and acceleratien,
sespectively, were used. These spectza azre veary useful as preliminazy
design tcois and are often applicable for final design purposes. For morse
precise values, a complex analysis is requized, lL.e. finite~element analys:s
of the strzucture located in, say, & soil island.

2.%5.1 Aiz-Induced Ground Shock.

The zesponse spectra assoclated with the aizblast-induced gzound sheck
are shown in Figures 20 and 21 %oz vertical and horizoncal motions,
zaspectively. The maximum free-field motions used to construct the spectrum
w“oze determined by using Zquatiocns 2.10¢, 2.1., and 2.12, The spectoum is
shown Sor three overpressure levels: 135 ksi, 10 ksi, and 500 psi,
corresponding £o ground ranges of 600, 700, and 1,978 feet from G2,
respectively. The angle the airblast~induced dilatational wave makes witiia
the ground suzface increases with zange £:zom GZ, see Figure 9. Hence, tie
hozizontal component of motion with zespect to the vertical component also
increases with range. The "K" factors shown in Table 3 are based on range
(overprassure Level) and weze used to detarmine the free-9leld horizontal
components of motion used in developing =he horizontal shock spectza shown

an Tigure 21, This helps to explain the incresse in horizontal dispiacemen:
with range, as shown in Figure 21,

¢.5.2 Direct=Induced Ground Shock.

The type support motion in the stzucture resusting from direct-induced
ground motion s essentially horizontal.. Therefore, using =he expressions
Sor norizontali displacement, velocity and acceleration givan by
Equations 2.14, 2..5, and 2.16, respectively, for &!:ect-induced shock, =he
maximum va’ues were calculated and zhe spectral amplification factor
appiied. The response spectra is shown in Figure 22 for overpressures of
19 ksi, 1) ksi, and 500 pai, respectively. Note that the horlizontal speccra
for the airblast-induced ground motion (Figure 21) is greater :-han the value

for direct-induced motion (Figure 22).
17




2,.5.,3 Cratar-Induced Ground Shock.

The fSrse-fie.d motlions asscclated with late-=ime, crater-induced g=oound
shock are caicusated using Tquations 2.20 and 2.23 and aze shown in Table d
far five overpressure values. Czater-induced motions produce Lazse
horizontal displacements: however, little acceleration is asscciated with
such motions. Under :hese conditlions, the frequency content of zhe motion
is very low and in all probability less than that of any of the inteznal
components of a structure., The isolation of sShe internal components would
therefore be sasily achieved since masses on relatively stiff springs
undezgoing small accelezations would generate very .Lit:tle displacemen: or
force in the spriag, L.e. the components would simply "ride along" wizh =i
gzound moetion. Because of the insignificant acceleration valiues, response
spectia for czater=induced motions for ouzr cases of in:c:out‘g:o essentially
acacemis.

2.9.,4 Equipmenc Fragiliisy Level.

The fzagility levels (RelZerences 6 and J) of cersain izems of equipment
associated with communication systems aAre shown In Figuze 23 for both
vertical and hozizontal motions. As san be obsezved foz the class of
components shown (pipes, radio recelvers, electzizal panel boazxds,
dacteries, air-condisioning units, and monitoring and control devices) and
23z fzequencies jzeater than 3 Hz, the "sure safe" accelecation levels zange
from about 7 to 20 g's.

it is quite cbhbvious by studying the vertical and norlzontal zesponse of
shock spactza shown in Tigures 20 and 21, that the equipment described in
Figuze 23 would rzequize shock isolation in order to suzvive., For example,
assume we are interested in a radio receiver that has a natura. frequency of
S0 Hz. From Tiguze 23, it is observec that the "sure safe" accelerazion
level at 30 Hz is about 14 g’s. If =nis equipment was in a sszuchure
located at the 300-psi ground surface overpressurzs zange, the maximum
accaleration would be about 700 ¢’s (well in excess of the "sure safe" value
of 14 g’s for zhe squipment) and the peak displacement about 0.3 faot,
Because of the relative.Ly small displacement (approximately 4 inches), the
desigr of the requirzred shock isolation system is re.atively uncompilcated.

.8




I# the squipment was located in a structure at :he 5,000-psi ground surface
sverpressurs level, the spectral displacement would be about 3 feec. The
shock isolation system would now have =0 consider motions up =2 36 inches
which presents more compllcations than the case when zhe equipment was in
the stzucture at the $00-psl range. rFor large motions it will probably be
desizrable to consider a shock isolated platform on which equipment is
placed,



Table L.

Ratlo of horzizontal =0 vertical soil
pressuzes

{(Reference ).

Kqs £0r Stzesses Up =g L,000 psi

(630 N/em?)
pvoamic Las
Soil Sescziptioen Undrained Undrained Szained

Cohesionless soils, damp or dry /4 L1/3 dense +/3 dense

3/2 Loose 1/3 008e
Unsaturated cohesive soils of vezy 23 /2 /e
stiff o hard consistency"
vnsaturated cohesive solls of /2 /2 /2
medium to stiff consistency*
Unsatuzated cohesive solls of soft /4 1/2 o 3/4 1/2 &5 3/4
conaistency"
Satuzated solls of vezy soft %0 e 1 1/3 anils
hazd consistency* and cohesion= 374 s0ft
~038 80i.s
Satuzated solls of hazd 3/4 vo L i /2
consistency*
Saturated soils of very harzd /4 - /e

consistency*

Rock

*Consiscency Definitions:

Uneonfined CQmp:oasionz

-onas Streath - q“r- tsf (N/em”)
Very sof= < 0,28 (€ 2.4)
Sofe 0.28=0.830 (2.4=4.8)
Medium 0.50-1.00 (4.8=9,6)
Stises -.00~2.00 (9.6=-29.1)
Very stiff 2.30~-4,00 (19.2-38.3)
Harzd 4.00-20.00 (38.3=291)
Very hard > 29 (> 191
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Obtain fzom tests on zock csures
and cozze.ate with selsmic data

1 gtgnSang:aaatiieigg

< 2
2=4
4=3
8-15
15=-30

> 30

(< 9.
JB=l,

.2=2,

§)

a)
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Table I. Recommended ratiocs of peak horizoncal to peak ver:ical
ground shock compoaents in the superssismic region
(Reference .).

Homogenecus Lavered Sitas
Sites Wave Front Lacta Tine
Stress Ko Kc -
c * ¢
i A
Accelaration tan (arcun -:-) tan (arcsin -;;-) -
CL * C.
Velocity tan (a.resin —U_) tan (arcs:‘.n -rf') /3 |
{
Co\ |
/ L !
Oisplacement :an\::csin 7;) - L 1
{
1
i

~”
t¢ cantarcsin +7) > 1, let peax horizontal component aqual the peak
vertical componinc,




Table 3.

Ground
Shock
Component

Scrass
Acceleration

Talocicy

Jisplacemant

Ratios “) of peak horizontal to peak verzical ground
shoecx components, superseismic region for a dry,

gilty sand.

Overpressura (P’o) Lavel, psi

15,000 10,000 5,000 1,300 390

0.42 0.45 0.47 0.5 3.3
064 .0648 067 230 .204
.029 .030 .39 A7 290
.029 030 .039 074 .00




Table 4., Peak horizoental displacement and velocls
for crater-induced ground shock

2eak 2644

Overpressuze Horizental Horizontal

Level Displacement Velsecity
s0 n Vn

psi 4 fc/sec

w8,000 4.8 “. 6
3,300 2.9 1.2
5,300 1.4 9.7
<, 000 o3 0.2
$00 ‘e 0.1
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JECTION 3
TYPICAL ZLEMENTS FCR HARDENED ANTENNA STRUCTURES

The hardened antenna structures will be buried 2lush wizh the ground
surface to take advantage of the favorable loading condition produced by the
interaction of the sczuctuze with the surrounding soil and the elimination
of significant airblast reflecticns as no structural obtzusizns will exiss
above the ground surface.

in addition to placing stzuctures to achieve favorable Loading
conditions, efficient stzuctuzal geometzies and matezials will also be
selected. Tlush-buried, silo==ype scrzuczures are ‘deally suitsed =5
effectively reslst combinations of veztical and herizontal loading
conditions.,

<2 chis section, we shal. deascribe ways of performing initial designs or
sizing 25z a hardened structuze to house antennae located at ground surface
overpressure levels rcanging from abouc 15,000 to %00 psi generated by a L=MT
burst. The elements of interest are the closuzc, the $ilo and the base slab
t0 suppozt the silo as well as concepts for lifting the closure and
antennae,

3.1 SLAB-TYPE CLOSURES.

A significant number of tests on closuzes have been conducted and
smpirical equations have been formulated %o describe the response of a
variety of closuze “ypes (References ., 4, 7, and 11). An empizica. shea:z
model for the static resistance of a steel/concrete composite closuze is
presented in Refezence 2. TFor our purposes, the closuze can be considered
tO De circular or square and span a cizcular cpening. The general
configuratcion of a composite closure is shown in Figuze 24,

3,1.1 Static Resistance.

The static reaistance (Pg) of tub=-type closures using swo different
equations is presented. The total eguivalent thickness (Dg) of zhe
composite closure shown in Figure 24 was determined by csansforming the
thickness of the bottom steel plate to an equivalent =hickness of concrete
(Reference 2):
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Eg ™ Modulus of elasticity of steel.
Eg = Modulus of elasticity of concrete.
iy = Thickness of botszom steel plu-e,

The modulus of elasticity of conczete (I,) can be zeasonably estimatad
(Reference 8) fzom the following expression:

!a - 33 wl's

at "
A ped (3.2)
wherze:

w = Jeight of concrete, lb 3

2; e Compreassive strength of concrete, psi.

The static zeslstance (Pg) can be detezrnined empizically Sor span=~to-
depth (8/D) zatlos fzom 3.% 5o 7, and steel plata thicknesses greater shan
1 perszent of she span using the following expression (Refezence 2):

4 D.

]
L} ’ MR S
P K £c (3.3

s e
=73

where:
!; = Compresaive strenght of contrete.

K= (27 = E%) psillz .

The 1 pezcent requizement for the steel plate Ls sufficlent o provide
adequate confinement and subsequent increase resistance to sheaz., For
values .ess than . perzent, the shear resistance is reduced appreciably and,
hence, 3o is =nhe static reslstance of the slab. If the confining steel &
increased %9 2 pezzent, there ls about a 20 percent increase in resistancs.

Using Equation 3.3, curves presentad in Figure 2% have been prepared
showing =he statlic resiscance of closuzes having the configquration shown in
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Figure 24. The curves were prepared 25r three concrete sStrengths and nave

been excanced =0 & $/D ratio of 2 which somewhat exceads the .ower .imit =
3.9 %5r zhe =est data upon which EZquation 3.3 was based,

A scudy (Reference 16) examined a set of closures under static loading
conditions. A regression analysis of the test data was pezformed and zhe
following empirical formula was developed for the static resistance (Pg) in
kips/inz:

[t' ] itb ]
- o— H -— 2 . :' '
P’ 0.4 + 4.9 3 ty + 2.1 s 2y + 0,23 e (3.4)

where:
sy = Yield strength of steel, ksi.
ty = Thickness of side plate, inches.

The equation is applicabie for the following limitcs:

1.38

ojw

< 3.8

t -
0.001 < =5 and =% £ 0.03

36 ksl & :y < 70 ksi
I ksl g £7, 8 12 ksl

The closuze geometry shown in Filguzre 24 13 also applicable for
Bquation 3.4, It should alsoc be notad chat Equation 3.4 is appiicable o2
deeper s.abs than described by Egquation 3.3.

Shown in Figure 26 1s the static resiscance for tub closures based on
Equation 3.4, By using a high pezcentage ¢f steel plate and concrete havin
a compressive strength of at least 10,000 psi, it Ls possible :=o achieve s
statlic resiscance up to 13,000 psl. This probably represents zhe upper
level of resistance for tub-type closures. 7T¢ resist higher pressuzes it is

more efficlent to use other configurations such as closures with integral

grids or other gecmetries to achieve an increase in stzength.




3...2 Nazuzal Perzioed,

The natural periods for any of the closures of interest, escecial.y :=he
Thicker ones, will be reiativeliy small in compazisen =2 the duration 2% le
airblast load associated with a 1=MT detonatien. We shall assuma zhat a
squaze slab over a circular opening will behave vesy close =0 :hat of a
cizculaz siab over a circulaz opening. Expressions have been developed
(Reference 13) 20r the natuzal peziod (Ty) of clamped and simply supported
circuliar plates as follows:

i J ] si (1 = v!)
) , Q¢ {3.%)
ED

]
s or 8

where:
£ = Modulus of elasticity, ib/in2,
2 = Thickness of s.ab, inchea.
p = Mass density, ib-s?/iat,
S = Diameter of cincular plate, inches.
B, = 11.84, fizst mode, edges clamped.
By = 3.9, firzst mode, simple suppozts at edge.
v = Polsson’s ratio.

Assuming a compressive strength ié) ¢f concrete of 19,000 psi, =he natural
periods (Ty) for different slab thicknesses and spans are shown in

Figures 27 and 28 for the cases where the edges aze clamped (84) and simply
suppozted (Bg), zespectively. For conczete, assume Polsson’s rzacd

te be ./3 (Reference 2.).

3,2.3 Ductility Factors.

The ductilizy of stiff closures Ls important when considering the energy
absorbing capacity of such systams. For deep reinforced Sonczets s.abs
without bottom and side plates having span~to-thickness (3/t) zatlos of
1.89, 2.6, and 3.5, the ductiiity factor varied from approximately 2 to 3
(Referance 1) . The slabs responded in shear with the center porzion of =he
slabs being crushed, i.e. liz:le ductility,
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For composite s.abs. i.e. reinforced zoncrete s.abs having steel plaze
botzoms and sides, the response uncer .cad is a combination of shear and
Temorane action. I a test program (Referance Ll), Iomposite, reczangulas
c.osuzes over rectangular openings having clear 3/D ratics 5f about 2 werse
evaluated. From these tests it appeazs that the ducsilisy facsor varied
fzom about 9 to L0 oz perhaps even greater than 9.

Tor design purposes for the tub-type closures considered in shis study,
we shall use ductility faczors of 2 and 5 that should represent a
conservative range of valuas.

dJ.1.4 Effect of Strain Rate.

The stzengoh characteristics of steel and concrzete are dependent upon
stzain zate and statces of stress, L.e. uniaxial, biaxial and triaxial, :Ia
this section, we shall consider only the influence of stzain race. I we
assume stzaln zate i3 & Zunction of the natuzal period, say, the peak stzain
(0.002) is reached in a sime equal =2 Ty/4, then a consezvative stzain rzate
can be astimated (Refexence 10).

It Ls alsc asaumed the period of the strzucture will be a value between
that £or the clamped and simply supported cagses. Strain zate va.ues have
Seen estimated for S/D ratics of 2, 3, 4, 6, and 8 for :three span lengths,
43 shown in Table §. Also srnown are the ratios relating dynamic =0 stastic
stzength Io0r concrete and steel based on Reference 10. For all s:zzain rate

vaiues greater than 1J in/in/s, an increase factor (IF) of 2 was assumed as
an upper limie,

3...% Dynamic Analysis.

A dynamic analysis using an exponentially decaying airblasc cuzve
{(Raferance 14) was conducted 2oz a SDOF representation of the closures. The
STatic resistance (Pg) shown in Figure 28 and the average natural peried
{Ty) and dynamic strength IF’s shown in Tablie * were used as inputs in 3h
dynamic analysis. However for =he static resiscance (Pg) for she 8/0 ratlo
of 2, it was assumed that the bottom plate thickness-to-span Zg/S) ratio .s
approximately 0.013 to correspond more closely to Zquation 3.4 (see

Figure 26). The static resistance is greater for higher stzain rates

because of the inczease in material strength, As the stacic resistance is
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directly proportional ©o concrete st:rengtd, “ne static resistance (?,) san
ce muliipised Dy the stzain rzate IF to determine a revised static
zesistance. Shown in Figure 4 aze the peak ground surface air ovezprelsures
for a 0~ and 500-foot HCB., Note that the 15,000-psi ground surface
overpressure oczurs at ground zanges of 6§00 and 700 feet, respectively, for
the 9- and 500-foot HOB’s. The positive phase duzations aze shown in
Figuze 5; nots zhat the duracions for the "0" HOB arze about twice that 23z
the 500=-200t HCB.

For design purposes the "0" HOB was seleczed. This means if a stzucsure
was designed o resist 15,000 psi corzesponding to a range of 500 feet 25z a
surface purst, Lt would deed SO 2e at & zange of 700 feat, which is the
<5,200«psi level vz a 50C-foor HOB. The lazge differences in duration for
the =2wo burst conditions alffect the response very llttie as zhe durations
£or eitner case are .arcge with respect toO the natuzal paciod of the closuze,
Using ductilicy factors (u) of 2 and 9, the results of =he dynamic analysis
are shewn in Table 6. 7The results also compare favorably with cthose
when using zespeonse charts shown in Referzence 12 based on a Brode-3peicher
aizblast input loading. The resu.ts aze alsc shown in Figures 29 and 30
chat zelate 3/D zatios versus allowable peak ove.pressurze 2cr a 1-MT weapon,

HOB = 3, for ductillity factory of 2 and $, rzespectively.
1...9 Beazing Capacity.

A dynamis ana.ysis of the composite siab closure was parformed to
determine the dynamic reacticn 92 shear load delivered 22 %he Deazing area
At the upper end of the sile. 3I% is =his sheaz .oad that must be carzrzied dy
the bearing ring and dictates the needed bearing area for the closure. The
analysis was aade for 2 square piate either fixed or simply suppor=sd over a
Siz~ular spening equal to che inside diameter of the $i.0. The general
expression (Reference $! for the dynamic reaction (V) £z a squaze plate is
48 foilows:

a0 d9F +J.16R (3.6)
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where:
T = Total dynamic f£orce, pounds,

R = Tctal resistance, pounds.

The =otal dynamic fozce and resistance can be determined £or the slab
closuzes described in Table 6. Since the timg-to-maximum resconse of the
closuze L2 very short with respect to the duration, :the peax overpressure
(Pgg) will be used in the calculation of cthe dynamic reacszion (V).
Equation 3.6 can be more conveniently expressed as:

V= (0.09 Pgg + 0.16 Py) (2 Ry)?2 (3.7

Squation 3.7 was developed for a square siab and will be somewhat
consezvative f5r a cizcular slab but adequate for cdesign purposes., The

bearing stzess £or a cizsular slab can thus De expressed as:

1 2
(.09 ?sc *+ 0.1 ) (2 Ro)

P = x {3.3)
b 2 i)
4

[ 1%
0

The allowable bearing capacity (P,,) of the steel/concrete composite
closuze i3 dependent on the concrete deazring strength, shear zesistance on
=he bot=am plate, and the friction force between tiie uncricked concrete and
the side stee. plate. The expression (Reference 2) for the allowable

tearing capacity is as follows:

R (e, R w2 [ ¢, ]
? -:' K — ** 1 « X = N
pa - ‘¢ Sl 1R - 2 Ve
Q
- (3.3
. K-'i-[o-m-a.).\:‘]
“’ Roﬁ -



where:

:; = Compressive strangth of concrete, psi.
K £Y/£é.

Ry = Radius of cpening, inches; § = e Ry,
R, = Radlius of closure, inches.

ty ® Steel thickness, inches.

D = Closurze thickness, inches,
Ny = zan? (45 + 9/2) .

R =Ry~ 24

¢ = Angle of inteznal frig¢tioen,

g = Coefficient of Zfriction, steel on concrete.

in Equation 3.9, the angle of internal friction 2oz concrzete (¢) was
selected as 45 degrees and the coefficient of fricticn (u,) was taken =0 Dde
0.8. These reasonable values are given as rechmmendacions (Referzence 2) sz
use if exact values are not available.

3oth Equations 3.8 and 3.9 are dependent on the value of Ry whizh also
establlshes the bearing width, Thezefore, an iteration was performed 2y
vazryiag the value of R, until the values of Py and Py, were equal. Ia
decezmining Py , the zesistance and ovezpressure shown in Table § 2or zh
42 case were used. In the determination of Pp, , & steel ¢ /S ratioc of
0.0l was assumed as wel. as dynamic stzength values of concrete and sceel.

it shoulid be noted that for tg/S ratios greatez than 0.01. the rzequired
bearing width would be less for a given S/D zatlo. Chown in figure 31 is
the required bearing width ratio as a function of 8/D ratio for asoncrete
stzengtas of 3,000 and 10,000 psi, and for a tg/8 ratio of 0.01. The
anasysis shows that as the $/D ratio deczeases, the requized bearing width
increases rapidly with a bearing width of 17 percenz of the span necessary
fozr an §/D ratio of 2. For $/D zatios greater than 4, it is shown zhat
Seazing widehs less than 5 percunt of the span are acceptabie. However,
based upon experiment.a. data (Referzance ¥) and practica. purposes, .t is
recemrrended chat the bearing width be no less than § percenz of the
span (8).




3.2 OCME-TY2E CLOSURES.

Domes offar the promise 9% being an effective c.losure fcr si.o-zyTe
stzucstures housing dished and telescoping whip-type antennas. Mechanizally,
the dome can de designed in guazter sections sShat open Like she petass 2f a
2lowez, Theze are possibilities that the dome cculd be designer to shed
jome of the .oad cdalivered %o the $ilo supporting the dome. The
overpressure engulfing the top or exposed pazrs of che dome is Lzansmisced az
the wave speed of he doms material to the zeaction zegion at :he 0P of she

ilo. 7The airz-induced ground shock then engulls the dome at a zate dicszated
by %he wave speed in soil. Hence, the soil=-induced pazt of 2he load arzives
at the zeactlion zegion at a later time at which the peak zeaction load £z
the direct-induced aiszblasct has had a chance =o decay.

For design purposes, it was assumed that z=he dome was made of reinforzed
conczete and responded in a uniform compression mode. Initially, the dome
wi.l probably expazience scne bending but on complete Load engu.fment will
seek & uniform compressiocn mode of response. The load engulfment 2f the
dome closuze supported by a silo and the idealized locading conditions
assumed for design aze shown in Figure 32,

3.2.L Scatlic Resistance.

The statlis resistance (Refezonce 9) of a reinforced concrets dome in

unidsrm compression can be expressed as:
Pg ™ (1.7 £4 = 2 py £,)20/8 (3.29)

?, = Compression mode resistance, psi.
D = Thickness 5f dome, .inches.
§ = Inside diameter 2£ iome, inches.

Py = Total stesl ratio based on gross cross sectional area.

t° = Ccmpressive stzength of concrete, psi.
ty s Yield strength of steel, psi.
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The Static resistance (Pg) for various 3/D values, for conccete

stzengtis (2;) of 3,000 and 19,000 psi, stee. yleld strength of 353,000 psi,
and a total steel ratlic (Pe) of 1 percent are shown in Figure 33.

3.2.2 Nacural Period,

The natuzal pezlod of vibration (Reference 3) of s dome f£oz the uniform
compressicn mode can be expressed as follows:

]
p (1 =W %
'!NIZQ _TE— (3._‘

where:
p = Mass per unit volums of dome,
v = Polsson’s ratio.

The nacuzal periods for domes having conczete sizengths (821) of 5,000
and 10,000 psi aze shown in Table 7.

1,2.3 E£f2ect of Stzaln Rate,

The strain zate effects for the dome-type Gclosure aAre computed in a
similar manner as was dene for the slaba. ¢ the peak strain (0.002) 18
reached in & time equal to Iy/4, then a consezvative strzain rate may te
estimated. Strain rate values have been calculated £or the thrae dome
diameters, each for two concrete strangths. Also determined aze :the rzatiocs
relating dynamic to static strength for concrete based on Refersnce 10,
Again, for all stzain zate values greater than 10 in/in/s, an IF of 2 was

assumed as an uppezr lLimit, The strain rates of interest and dynamice
increase factors are also shown in Table 7,

3.2.4 Dynamic Analysis,

A dynamic analysis of che dome c.osure was next performed where Zhe cdome
was treated as a SDOF system., The previous calculations, including static
reslatance (P,), the natuzal period (Ty) and the strength IF werze used as
inputs in the analysis. A ductilicy factor (a) of 2 was assumed. The
resu.ts aze shown in Table 8.

74



The zesults have also been plotzed in Figure 34 that shows the peak
overpressure capacity of the dome c.osure for various $/D ratios., It is
probablie that some type of steel domed closure would be more satisfaguszy
chan a reinforced conczete one. If a reinfozced concrete dome is
considered, it is recommended that the inside surface be formed with steel
plates. Tor caiculation purposes to determine the static resistance, =he
thickness of che place should be considered as an equivalent thickness of
concrete. The inside plate will not only serve as a f2orm when placing
concrete, but alse for attaching studs to help induce confinement. A steel
framework would also be essential for a dome that is fabricated in, say,

four equal quadrants so that Lt can open like the petals of a 2lower.

3.3 8InLds.

The loading of a burled silo is complex. The airzblast load collected by
the closuze ls dumped o the 3ilo walls (assumed =0 be concrets) in a shors
period of time and the stress wave travels at roughly the speed of sound la
concrete. The load being transmitted thzough the soll surzounding zhe silo
tzavels at a speed spproximately 1/10 to 1/18%5 of that travelling through cthe
structure. At cross sectlons balow the closure level, the time=to-maximum
response of tie silo in verzisal compression ocguzs before the horizental,
noop-~type compression load arrives through the soil., DJuzing this eazly
time, the skin friction developed at =ne silo=scil interface wi.l zend =»
resisc the downward movement of the silo. After the soil stress wave
arrives, this procedurze can zeverse, i.e. the skin friction force zaused by
the soll stress wave causes a downward movemenrt of the silo. Hences,
ialtially the silo zesponds in & vertical compression mode. At a later zime
it responds to a combination of verztical and hoop compression ‘horizontal)
modes causing a significant triaxial state of stress. Under such staces of
stzess, it is possible for the silo system =0 accept nuch greater .oads =han
possible for uniaxial or bilaxial states of stress.

iz was estimated (Reference 22) Shat maximum vertical strala Sccuzs at a
sevel approximately equal to 40 percent the length of the silo 2or =he silos
investigated and for the overpressures considezed. Based on this
observation, & section § feet from the top of the silo was selected for

design purposes.
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3,3.1 Stacic Resistance.

The static resistance of a silo will fizst be calculated for axial
compression and then 20z hoop compression. It is anticipated that 2oz most
cases L2 the silo can withstand the axial fSorces it will probab.ly alse
resist the hoop compressive forces.

3 ial (Vers 2 . Since the overpressurzre zegion of
intezest is superselsmic, it is reascnable to assume a 3tacic overpressure
(Pg) that interacts vercically with zhe silo. Based on this assumption, the
expression for the static resistance (P,) for an ynlined silo is as Zoilows:

Ik
$

where:
£° s Compressive strength of concrete. .
8§ = Inside diameter of silo.
% = Thickness of silo wall.

The static resistance (P,) has been detormined for various $/t ratios
and soncrete strengths (2, of 5,000 and 10,000 pai, see Figure 138,

The resistance of the silo can be enhanced by including an internal
stee. Lliner. This liner also helps to restrain or zonfine the sild which in
turn aiso increases the resistance. The axial static resistance (Py) 23z a
silo including an jngeznal steel linex is expressed as follows:

13..3)

Y

where 4 is the thickness of the steel .iner.
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Using =his equation, tzhe statis resistance has been de-ermined and shown
in Figuze 36 for various S/t ratles, for concrete screngths of 5,000 and
10,000 psi, and liner-no-wall thickness ratlos of ./32 and 1/84 as shcwn in
Figure 36. Aliso, the yleld strength (fy) of steel was assumed %o be
60,000 pad.

The resistance of the silo can be enhanced even mere by inc.uding both
inner and outer steel liners, The axial scatic rzesistance (Py) for a sils

having both interaal and exteznai steel linegs is as follows:

AR IR

F]
S [il + [i * z]
4\t t
Shown in Piguze 37 ig the static resistance 3£ silos with internal and
extarnal linezrs., It can be obsezved by comparzring Figures 38, 36, and 37

that steel .inezrs enhance appreciably the static axial load-sarzying
capacity of silos.,

? =
3

(3..4)

Ldaiag Hoop (Hogizontal) Compessjon. It will be assumed based ¢n
experimental cbservations zhat the silo bshaves in a hoop compressicn mode.

The static zesistance (P,) of an yplined 8ilo for a uniformally applied
inwazd leading is as follows:

3]
P, m (3.18)
7+ 3]

wheze :(he :arms are the same 43 shown in Figure 385,
The static resistance (Pc) in hoop compression was determined %or
vazious $/t ratics and concrete streagths (2;) of 5,000 and 10,000 pai (see

Figuze 38).,

If an joner steel Lines i3 used, the hoop resistance of the sllio
including the influence of the .iner can be estimated as follows:
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AR

+

(3.29)

Q

“afs?

?

Using cthis equation, the static zesistance has been determined feor
vazious §/t zatiocs, concrese strengths of 5,000 and 10,000 psi, and steel
l.ner thicknesses (a) of 1/64 and 1/32 as shown in Figuze 39, The yleld
strength of steel was assumed to be 60,000 psi,

8 4 aze used, the hoop zesistance can be estirmates

as fs.lows:

(3..7)

Using this equation, the static hoop resistance has been determined and
is shown in Figure 40, It can be observed by comparing Figures 38, 39, and
40 that steel liners enhance the static hoop resistance of si.os,

3.3.2 Natural Periocds and Influence of Strain Rate.

Pzesented are expressions for the silo acting in axial compreasion and
in hoep compression modes. These mocdes should be reascnable for the axial
load caused directiy by airbliast and zhe horizontal loading induced by seil
stress. Also presented is the influence c¢f strain rate on concrete strengta
for both modes.

dad.ue.s Bxial (Versical) Compresdion Mode. The natural period

(Redezence 8) in axial compression can be expressed as 2o..ows:

T = 301l % , meec (3.19)

where:

L = Length of silo, inchea.

L « Modulus of elasticlity, pal.
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Shown in Table 39 is zhe natural period in axial compression f%or a ailo
having different lengths and concrete strengths (2£4) of 3,000 and
10,000 pai. Also shown is the strain rate and corzesponding dynamic-to-
statcic scrength ratio.

3.3.2.2 Hooo (Hopizoncal) compresaion Mode. The natural pezied
(Referzence 8) in the hoop compression mode s expressed as follows:

(3..9

where:
y = Weight densicy.
S = Inside diameter.
E = Modulus ¢f elasticity.
¢ = Accelerzation duw to gravity.

The expression is for cirsular rings where the thickness is small
compared =0 the zadius (§/2). The peziods in hoop compressiocn Zor silcs
having various diameters (3) and concrete strengths of 5,000 and 19,000 psi
aze shown in Table 10, AlLso shown is strain rate and tihe cozzesponding
dynamic-to=-static strength ratlo. For S/t values of 2 and 4, the calculated
periods using Equation 3..9 are in erzor by <5 and 16 percent, cespectively.
As zhe calculated periods are very small with respect %o zhe durzation :ime

of the .2%ad, the erzor in the pericd is insignificant f£or zesponse
predizstions.

3.3.3 Influence of State of Stress of Concrete.

conczete is used primarily fcr its compressive strength characteristica,
hence, the uniaxlal compressive strength (f5) is an imporcant factor in
defining the strength of concrete. However, when considezing the response
of buried silo-type structures, the influence of a triaxial state of stoess
is significant. The increase in load-carrying capacity under triaxial
conditions can be significant as demonstzated by the normallilzed tziaxial
compression data shown in Figure 41.
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For the biax::l state when 94 = ) and oy = 9.209 , it can te obsexved
that the nosmal sompressive itress, ¢y , is about 30 percent greatex than
the compressive strengih of concrete (g, = L. For slight inczeases . g,
, the value for o4 increases appraciably. Under cziagial states of stress
the hehavior of concrete is much more ductile than under uniaxial or biaxial
states of stress; hence, the energy absorbing capacity of the material is
ailso increased.

¢ we consider a horizoncal section of a silo below the closure, the
dizectly tzansmitted shock through the structuxe will arzive befoze the
airblast-induced ground shock. Duzing the lag time between the azrival o:
she =wo shock fszonts, the induced scresses in the silo are caused Q3. by
the shock dizectly transmitted through the structuzre. Howevex, sven for
this case, steel Liners and reinforcing steel in the silo can create a
sontired condition shat should produce a beneficial state of stress therety
increasing the load-carrzying capacity of the silo. When the horizontal
component of the ground shock arzrives, it couples with the directly induced
stzesses in the corncrete $ilo causing a much more beneficial state of
stzess, Both of these condizlons are discussed in the following sections.

A sectlion 5 Zeet frzem the top of the 3ilo was selected Zor design purpcses,
see Seczion A of Figuze 42, '

- - - - L] [}
-

. The silo under :hi
condition is loaded cnly by the dlrectly induced shock through the
stzucture, L.e. the aizblast-induced ground shock has not yet arxived at the
section of incerest, Figure 42 (¢ = tq). Also, if inside and outside steel
liners are used, the stress wave will tzavel faster in the steel and arrive
at Section A before the stress wave travelling through the concreta
sandwiched between :the two plates arzives. This should tend =o induce
horizontali compressive stzesses in the concrete at Jection A. The stzess
wave in ihe soncrete arxives a1 short time later (lLess than about . ms Zor
the gtructures considezed in this rzeport). The gxidl COomMpressive stress
(94) induces a 7QQp compressive stzess (gy) based on Poisson’s zatio (V).
The stzain in the radial direction is constrained by .Lateral rebdrs (ties)
in combination with the steel liners if they are present as well as the
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passive action of the surzounding soil. Hence, the zadia. scress component
(g4) can also be in compressica., Thus, if the three components of stzess
are in compression, a favoraple condizion exiscs, see Figure 4.

Based on Refezence <, the confinement provided by hoop steel in sizsular
columns can increase the axial compressive strength up to, say, 40 percent,
depending on the amount of confining steel. If inner and outer steel llnezs
are used ln conjunction w.th confining steel, the axial compressive stcrengta
will even be greater (Reference 2). Frzom calculations made Zor the case o2
zigid liners, it was found that the axial strength for thick-walled silos
was increased by a factor greater than four. For design purpose, we will
assume the following conditions for the three silo geometsies ¢f interest:

§iio with no linezs, oy = 1.2 o, (3.20)
§ilo with innes linez, ¢9 = 1.8 ¢, (3,21}
Silo with inner and outer linerzs, ¢l = 2.0 0y (3.22)

where 0, = :; : see Figuze 41.

- - . - wi im -

abduceq Geaung Shogk. It should be noted chat the relationships shown in
Figure 4. are based on the following assumption:

01>02>¢3

Sepending on the ground range fzom G2, l.e. P,, from 15,000 %o
500 psi, various combinations of stress can exist. For examp.e, if the

Eadial soll stress ls greater zhan the gxias stress shown in Figuze 42, chen
the following zelationships are possible:

91 * %hoop
72 = ¥radial

93 ® 9axial

8l



22 zhe axial stress is greater chan the radia. soll stress, che Isllowing
relationships aze posaible:

71 ® Toop
92 * axial

93 ® 9radial

Shown in Figure 42 at © = t, is the arrival of che aizblast-induced
ground shock Loading at Section A, Tha horizontal component of this soil
stress czeates & fai:zly uniform zadigl stress at this section., Also at zhls
time, the shock front in the concrete silo has probabliy reflected cff =zle
bottom, traveliled upwazd, and may have sven passed Secticn A, depending 2n
the lengeh of the silo. Regardless, the peak axial compressive strzass has
had time 0 decayr.

T0 determine the tziaxial state of stress Ior Section A at L =ty , tie
axial load on the silo at that time must first be calculated. The axial
load at time &t = &, was found by evaluating the expression for

overpressurs, pit) , with time using the following relationship fzom
Referzence 8:

~ur -8 -yr
p(e) = Pgq (1 = r) (a0 + be 7 * ce T ) (3.23)
Shown in Table .. are the ground suzlace air overpressure, p(ty) , at a
time equaL to Ty for overpressuze .evels ranging fzom 15,000 ©o 5CC pss
deternmined by using Iquation 3.3, Having determined the peak pressur

acting on the silo at time ts , the axial stress at time <ty is determined
by the following expression:




Shown in Figures 10 through 14 ave normalized vezsica. stresses tag!

.

wozh depth for the linearly elastic case (zr = .) and zhe Linear lsading sase

wizh no zecovery (r = J). The actual strsss is tetween the <wo valias ana

b

for our calculations will be assumed =9 be :the average of “he two cases,
The horizontal or radial soil stress is determined from the following
zelationship:

oragial = k 0z (3.28)

Fzom Table 3 and for depths up to, say, 20 feet, a reascnable and
avezage value for k is 0,42 and has been used in determining zhe zadial
stzess.

The 300D compressive stress Ls related to the radial stzess as follows:

] el .
0 . [? * '] Tradial (3.24)
hoop T e

Shown in Tables 12, 13, and 14 aze the zelationship of 0,/e; and oy/0,
based on Figure 41 Zor peak ground surface overpressuzs levels of 15,000,
0,000 and 5,000 psi, respectively. ZEquations 3.24, 3.2% and 3.26
describing the axial, radial and hoop stzesses were used in the deveicpmen:

of =he tables. Foz design purposes, it is bellileved zeasonable 25 use :=he
following values:
91/9, = &4 = 95/0, (3.27)

The effective duration, At , of the gxla, stress befoze engulfment of
the zadias stress can be determined as follows and is shown in Table 1i:

]
-d o

At = %y = %2 (2.29)

where:
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3.3.4 Sidewal. Tzictlion.

The increased load-carrying capacity of the silo resulting fSz:m sidewall
£ziction has been calculated. It has been determined that the incresase is
negligible in compazison 2o the loads the silos aze expected =0 res:st. For
exampie, a 10-foot silo will genezate only about . psi and a 20-foot 8ilo
only 2 psi in sidewall friction. Thereforze, the effects of sidewal.

fricz:on in -he analysis will not be considered.
3.3.% Dynamic Analysis.

A dynamic analysis was made using a SDOF representation of the buried
siio in axial (vertical) and hoop (horzizontal) compression medes. The
zesponse was determined for silos having S$/¢t zatics from 2 to 9. The statis
resistances (P, and P,) shown in Figurzes 35 and 37, the natuzal perziods (Ty)
and the dynamic IF’'s shown in Tables 9 and 10 were requirzed inputs in the
analysis. The response of the SDOF system was made for two conditlons:
before and after rzadial solil engulfment, with the czitical cendition being

before. The analysis was made for the yplined sile, the jinner steel lined
sile, and for the sile having both laner and suter steel liners. In a.l

cases, the steel Liner thickness (a) was assumed to be 1/64 of the concrete
chickness (t). A ductilicy factor (4) of 2 for =he elastic-perfec:tly
plastic system was assumed,

(8.3 Axial (Vers M . The analysis of tha silc at
Section A in axial compression was made for the case before soil engulfment,
It should be noted that the silo will “e strzengthened significantly after
the engulfment, thus greatly increasing its load-carzying capacity.

Response charts have been developed (Reference 12) by numerically
integrating the nondimensional equations 3f motion for the undamped SDCF
model. The input loading used in developing zhe charzts was an analytical
approximation to the actual nuclear burst. The duration associated with the

-cading is depencent upon the wave speeds in the soil (Cy) and conczete
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(Cq) . A value of 10,000 2:/s was used as the wave speed ir the ccncrete
(Cq) » For calculation purposes, values of Cy of 800, 7%0, 700, 658, and
§00 £=/s were used at overpressure ranges of 15,000, 19,300, 35,300, L,300C,
and 500 psi, respectively.

The zesults of the analysis are shown in Tables 15, 16, and 17 for th
unlined=, single- and double-iined silos, zespectively. The results ace
presented graphically in Figuzes 43, 44, and 48 which show more c.early =ibh
venefits of che steel liners.

3 p ozd i . Shown in Flgqures 13 through 14
are normalized vertical stresses as a function of stzaln rzecsvezy (2) and
overpressuze with depth. These figures, coupled with Table 3 which =elates
horizonzal =06 veztical stzesses, cdefine the state of stress for a section of
the silo. 7Tor consistency with previous calculations, an IF has heen chosen
and used for all overpressure and S/t ratios., ¥Tor this section, a facser of
4 will be used. For analysis puzposes, a recovery zatlo of 1/2 and a depth
of § Zeet were chosen. A dynamic analysis was performed on the si_o in licop
compression to determine the silo’s capacitcy to rzesist horizontally applied
~oads. The radial (hozizontal) capacity of the silo is denotad DY @uaqia1
and 15 zelated to the vertical stress (¢,) by the k factozr given in
Table 3. Ia this sectlion, X will be assumed constant and equal =0 J3.42. A
celatlionship between ¢z and Py, has been determined via FTigures 10
thzough 14 and shown as Zollows:

7, = .87 Peo

The zesults of the analysis aze shown in Table 18 and aze a.so shown
graphically in Figure 46.
3.4 BASE Si1AB,

Generally, -he base slab is an integral part of nhe 8i10 system and as
such is designed o withstand the shear and bending loads imposed by the
Silc as well as the vertical scil stresses induced by the punching acticn o2

the soll. For design purposes, the configuration used for the closurze will
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also be adequatqe for the base slab. The only diffarence wouid 2e =he
detailing of reinforcing steel :o provide sufficient mcment and shear
czansfer at the silo slab intarsectien. Also, sufficient reinfscsing steel
should be placed in each face o maintain the integrity of cthe silab with the
sile. An alteznate concept :hat might prove beneficilal for a communisacions
structure iocated at overpressure levels greater than 5,000 psi is a
floating base slab, The accelezation and motion imparzted to the 4flcating
slab would be significantly zeduced compared to tnat £oz a rcigid slab.

Thus, the floating slab itself helps to sexve as a shock isolation system.
dovwever, before such a concept could be considered it would need %o be
checked cut by conducting model tests in the f£ield in a simulated nuclear
blast envirzonment.

3.5 LIFTING MECHANISM CONCEPTS INCLUDING LOADING CRITERIA.

Discussed in this section are the generzal power requirements t3 Lift zhe
slab and dome closures. Shown in Table 19 aze the design ejecta depths
associated with diffezent cverprassurze ranges from GZ, lifting scooke
zequizenments, the effectlve resistance force (weight of closure, electa and
sheazr resistance of soil), and horsepower requizements based on a Szave.
rate of i fi/min for both slab- and dome=zype closures. Shown in Figure 47
4z the power requizements assoclated with various ranges £zom G2, For
practical purposes, a minimum value of 3 hp will be assumed. LifZting
concepts for s.ab- and dome-type antennae structuzes are diiscussed in she
following seczlions.

3.5.L Slab-Type Closures.

Two basic concepts for lifting or moving slabs were considered., For
everpressure ranges, say, less than 2,000 psi where the ancicipated elecs
thickness is a little more than 1 foot, the slab closurzre can be moved
horizontally., For overpressure ranges sloser 55 GZ where aiecta thicknesses
up to 4 feat are antlicipated, concepts to raise the closure vezzically have
been considered. An lnteresting study (References .7 and 18) was conducted
that eva.uated 1l diffezent closuxe concepts for missile silos. After
various evaluations, including some simple model studies, it was concluded

86




shat the zise and rotate and single=hinge concents offezed the mest premise.

Faor both of zhese concepts, the actuators and osther mechanical systams =3

L2 and rotate were located axternal %o the 3ilo. For slab slssurzes for
antenna structures it is belleved the zise and rotate and sliding concept
offer the mest promise, The lifsing and/or pushing mechanisms can probably
be located within the strucsure £or both concepts. The concept for lifting
and rotating She closure aze 2or the deeper ejecta depths, whereas tlhe
sliding concept i3 2or ejecta depths less than 1 foot%.

3.5.2 Lifting Mechanism Concepts for Dome Closures.

The dome-covered hardensd stzucture makes it possible to develcop an
intezesting concept Zor dished antennae systems. For an actual design the
hemispherical dome as shown in this repor: could be suppranted by a more
"suliet"-shaped closure. However, the desiqgn concepts and relative costs
desczibed in this repozt should be adequate for different shaped domes as
wels.. The dome stzucture is probably better suited for high-overpressuce
levels and the sliding slab=type closuze for lower overpressurs levels. The
concept for lifting a domed closure ls shown in Figure 48. Note that this
concept ls based on a dome that unpeels like an ozange ia Z2our pleces. The
dome system also has the advantage or option of being completely covezed by
soli. 12 a1 camoufiaged site s desized, the dome structure is well suized,
The dished antennae rides on the lifting mechanism and is dirzectly beneati
the closuze. Afser 1@ closuz: has been raised and cthe dome cpened, =ie
antennae can De raised or opsrated in place., Zstimated rat:zlespace raquise-
ments for the iaterna. SUpport system are also shown in Figure 44.

3.3,3 Lifting Mechanism Zor Antennae.

The lifting mechanism for the various antennae of interest is relazively
scraightiorwazd, The same power supplies cthat operzate -ie lifzing
mechanisms £or the closures can be used =0 opezate the ancennae aszer =he
clcsuzes have been opened oz moved.
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3.8 SPACI REQUIREMENTS WITHIN A HARDENED COMMUNICATIONS STRUCTURE.

Not only must the facilisty contain the racks housing the receiviag and
szansmitsing equipment necessazy for commundcation, but Lhe Suppeziing
equipment as well. The supporting squipment includes the alteznate power
supplies =2 nperate the lifzing mechanisms foz both the closures and
antennae and to operate the sommunication egquipment. It is assumed that two
nazdwized lines entezr the stzucture to provide power: however, i2 both .ines
aze lost during an attack, two alternate power supplies will be avallable,
i.e. batteries and a motor generator. In addition, aiz-conditioning is
requized to maintain a proper envizoanment for the communications equipment.
Alsc, & sump pump may be needed to kaep the structuze Iree of standing water
shouid zain be a problem. Shown in Table 20 are general requirements
{provided by Mz, James D. Cooper of the DNA) for thzee diffgrent types of
communications tezminals,

3.4,L Design and Operzational Assumptions.

The following design assumptions have been made that lnfldence space and
operacional requirements within the stzucture:!

4. Hazdwize power will he available frzom at least one scouzce,
prefesably two.

b. Backup battery powar will be avallable to cperate the closurxs
system and erect the antenna with a capability 3 cperace :he
cemnunication squipment foz about 7 hours., The motar generator
will zake over when tha <losure ls opened and the antennae ersced:
however 1f the generator fails, she batteries will sontinue o
opezate the comaunication equipment,

- A backup motor generator will be available and designed for propane
operation (firzst choice) or diesel (second choice). The system
will be desijned for two options, i.e, the first considers
operation for Qne week, <he second f£or QQe mMonghi. The system will
be provided with means to supply fzesh air for combuscicn and
zemoval of exhaust gases and heat. Generzator =0 be started afte:
spening and erection of antenna.

4. Communication equipment zequizes only reasonable over-under viltage
protection (not sophlisticated regulation).

L. A logic circuit in the contzsl siystem will be provided oo take a
normal path if the generatcr starts and an emezgency path LI the
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generator coes not star: or falls sometime after starting so that
zhe battery power can be reinitiated.

-4 Batteries must be provided with means 20 remove gas (explosive)
iven off during charging. 7This must be provided while the silo is
closed as it is assumed that the chazging will be done by the
hazrdwize power sousce.

-8 Most of the Temperature contzol can be provided by installing a
neat exchanger in the soil (or rock) near the bottom of zhe sils.
Howeverz, this does not include the generator exhiaust and,
thezefore, fans must be provided to exhaust generator gases and
heat. Equipment can be grouped and aiz-cooled as requi.ed.

a. Pressuze switch at surface with progranmable delay will put the
syscem into operation unless cancelled by hazdwirze contzol., Thus,
i2 hazdwire is lost cdus to a nearby expiosion, the system wilil
deploy.

& A carrier current system can be used effectively cn the power
hardwire L2 distances are not excessive. 7This will allow gontzol
aignals to be sent to the silo and conditien of components insid
to be measured and telemetered on the powezline. For example,
batzezry voltage, tempezatuze, humidity, and zesults of equipment
exercising data can be obtained.

3.6.2 LlLayout for Cne~Week Operation,

A layout for a one-week operational period is shown in Plgurze 43. In
this configuration, an attempt was made to minimize the interior diameter of
the 8i.0. 7The equipment i3 packed within a space 8 feet in diameter and
23.6 feot high. The layout was also based on the lift or break sut
sizuacion described in Figure 48 f2or a domed closure configuration. The
form f£cr a slab closure configuration would be vezry similaz., 7The spacs
configuracion is based on the assumption that approximstely 60 223 of
battezies are required and that the propane fuel tanks (2 feet in diamete:
by 3 fZeet long) contain 70 gal of Ifuel per tank and that “"e {ue. i3
axpended at a rate of 2-./. Fai/h. The motor generator and hydzrau.lic pump
system each occupy & 4= by 2-1l/2= by J~foot space. Zach sommunication
egqilpment rack occuples a 7- by 2- by 2-1/2-foot space. The conztzol panel
for the equipment, the battery charger, switch geaz, batsery lnverster al:s-
conditionez, and exhaust fans are not shown on the drawings. However, it (s
be_leved there is ample space for locacing these items as well as hydrauilic

and electrical lines in the remaining space shown in Figure 49.
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3.6.3 Layout 2oz One-Month Cperation.

A laycut for a one-month operaticonal pericd is shown in Tigure $3. Noce
that =his configuration is based on a space 10 fZeet :in cdiameter by 17.8 fZeet
high, 7The 2=fo00t increase in diameter over the space shown Ln Figure 49
makes it possible 20 pack the equipment Zor a one=-month operat:icnal periecd.
12 the confiquratlion shown in Figuze 49 weze t5 requirze ocperating 23z 3sne
month, the stack would increase fzom the 23.6 feet shown tTo about 32 Zeet,
or about twice the length for a li-foot-diameter stacking arrangement shown
ia Figuze 50,
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Table 7. Strength increase ratios due 2o strain rate for
dome=-tyvpe closuras.

Concrete Natural Strain Rate Dynamic to Static
Strength Period C . 2 Strengzth Ratis ‘IF)
£! T Tyg/ 4 Congcrete Steel
e N N £ /¢! L
psi as in/in/s d'"e dy "y
5,000 2.3 3 i, L3
10,000 1.9 4 1.6 1.%
5,000 1.5 S 1.7 1.7
10,000 1.3 6 1.8 1.8
5,000 .75 11 2.0 2.9
10,000 63 13 2.9 2.9
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Table 9. Strength increase ratios due to scrain rvate for
silos i{n axial compression.

Concrete Natural Strain Dynamic to
Length Strength Pariod Rate Statiec Strength (IF)

fe psi as in/in/s Ratio
10 5,000 5445 1 b

10,000 4.62 2 A
L5 5,000 8.18 1 L.4

10,000 6.93 S L.4
20 5,000 10.9 o7 1.4

10,000 9.23 i Led
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Table 10. Strength {ncreaase ratios due to strain racs for
silos in hoop comprassion.

Concrate Natural
Strength Pariod
psi as
5,000 1.09
10,000 092
5,000 2.18
10,000 1.84
5,000 3.27
10,000 2.76

Strain
Race

in/in/s

98

8
9

Dynamic to
Static Strength (IF'
Racio

1.9
1.9

-

6
6

=
-

1.4
1.3
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Table 20. Reprasentative requirements for three differant .
comnunications terminals. '

Communications Terminal Milscar DSCs . AHF
Number of Racks” ) 3 )
Terainal Power (kw) 5.0 9.0 3.0
Cooling (Btu/h) 17,070 30,726 10,242
Waight (1lb) 67¢ 1,200 700
Antenna Size 26=1in dish 60= to 96=in dish whip

*

Each equipment rack is 2 by 2.5 by 7 ft. Racks may be configured in
any zode, @.g. vertical/horizoncal chat is consistent with the caniscer
design.

W

The terainal powar estimats provided does not include power required
for air circulation/exhaust for cooling equipment or for alr circulation
for a local powar sourcs.
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Peak vverpressare capacity of slab-type closure, 1-MT weapou, HOB = O, = 2.

Figure 29.
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4., Ground surface airblast load

b, Assumed ioad distribution

Figure 32, Load engulfment and assumaed loading
for design of dome-type closure.
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Stress Waves ac t = tl Stress Waves at ¢ = ¢

2

! v
Sy o 3
" -t
< [l

B% -~
L F ° - L)
! Section A
G
-

Yradial

Section Aat t = % Section Aac t = t,
Frior o Soil Stress

Arrival of Soil
Wave Engulfment

Stregg Wave

Figure 42, Direct-induced airblast and airblast-induced ground
hock engulfment of silo.
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SECTION 4
RELATIVE COSTS AND TRADE-OFFS

presented in this secsion are relative coats for zhe family of silos
considered versus range and overpressure for a l-MT surface burst. The cost
aze not Lntended to represent tzue totals for a complete system but
sufficient so t=hat trade=-off stucdies can be made to determine the dest
selecrion 2f combinations of 3ilo structures for minimum cost.

4.1 RELATIVE COST OF SILO ELEMENTS.

The estimataes have been datermined using construction cost data
(Tefezence 18); however, these are not total costs. The cost of real
estate, site preparation, excavation and backfill have not been included,
ALge, the cost of communication aquipment and shock isociacion systems have
not been lncluded. The cost does include concrete, concrete placement,
forms, reindozeing steel, sceel plates (rolled, machined and welded as
necessazy) and the lifting mechanisms to include the power supply. The unit
costs of the steel plate based on size configuration complexity, machining,
and fabrication weze provided by Mr. E.C. Loflin whe has had considerable
expezience in such matters with the Mazathon-lLeTourneau Company. The powes
zequizements for Lifting the slosure in most cases also sacisiies the power
sequirement £5z operating the communication equipment.

4...L Siab Coscts.

The cost 0f in=place concrete (z; = §,000 psi) ls estimated at 3300/y43
and =he cost of machined, rolled and welded plate as shown in Table 2.. The
volume of concrets, weight of stee. and cost of slab closures for use at the
18,300=, 13,388=, 5,000~ and 500~-psi overpreassure .evels are shown in

mable 2., The relative cost Of the s.ab closuze versus range .3 ahown .in
Flgure 51,

4.1.2 Dome Costs.

The cost of in-place concrete (!; « $,000 psi) is estimated at 33!0/yd3
and the cost of machlined, zolled and welded plate as shown in Table 22. The
volume of conczete, weight of steel and cost of dome closures Zor use at the
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1%,000-, 20,00C~, 5,000~ and 500-psi overpressure _evels arze shown :in
Tablie 2. The zelative cost ¢f the dome closure versus rzarge ls showa in
Tiguze $52.

4,1,3 8ilo Coats.

Two lengths 02 silo will be consicdezed, L.e, 10 and 297 feet. 7The cos8:
of la-place concrete to Lnclude any formwork and reinfozeing steel for the
silcs iy estimated at 3450/yd3. The coat of the machined steel bearing
piate is $1.6%/lb, The coat of %he roliled and welded inner and outer steel
<inezs i3 shown in Table 23, The volume of concrete, walght of steel
bearing plate and weight of steel liners as appropriate for the various
overpressure levels for silo lengths of 10 and 20 feet are shown in

Table 23, The relative cost of the 10~ and 20-foote-long silos versus range
is shown in Figure $3.

4.1 4 Base Slab Costs.

It i3 assumed =hat the base slab will have the same general dimensions
a8 the slab cliosurzre. It will be assumed rhat the base will have one cover
piate when linercs are used with the sile, The cost of in-place concretce Ls
est.imated at 3350/yd3. The cost of the steel cover plate i3 escimated at
§1.6%/lb. The volume of concrete, weight of steel cover plate and o028t of
base slab for tnhe 15,000-, 19,000-, 5,000~ and 3Q00=-psi overpressure lLevels

are shown i Table 24, The relative cost of the base slabs versus range L3
shown in Figure 54.

4.1.8 Ulfting Mechanism Costs.

The size of the hydraulic leoading rzams, power requizements and coscs =9
«ifc siab and dome closuzes aze shown zespectively in Tables 2% and 26, The
stroke end power requizements are based on cthe thickness of e‘ecta =he
closures must punch thrzough. .sown 0 Filgures 35 and 56 are “he 20558 of
cthe lifcing machanism for sladp and dome closuzes, rcespectively, versus range

oz 4=, 8= and ill-foot~-diameter silos.

4.1.6 Relative Costs of Silo Systems.

2ased on the results of she costs of individual components, the relative
costs »f completed slab- and dome=rype structural systems are shown ia
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Tigures 57 and 353, respentively, for silo lengths 22 20 feet. Even znhougn
she dome closuzre system provides some additional, usable volume, zhe sil:
lengrh 02 20 feet was used in determining the tomal relative costs, It
should be noted that the cost of rzoal estate, Site preparation, excavaz.on
and backfill, communication equipment, and shock isolation systems have 20T
teen included.

4.2 THREAT SCENARIO FOR HARDENED COMMUNICATION SYSTEMS.

Depending on the system 0¢ intexest and a postulated attack scenazio, a
planner should be able to use the information in this repozt To make
decisions on how hard an antenna structure should be and L2 theze is mezis
in conside:ing two lesser harcdened structurzes instead of one relatively

harder structure.
4.2.1 Redundancy.

The hazdened antennas structure may serve one or several facilities
depending on the functional nature of the communication sysctem of interest.
it ls conceivable that £¢z a single communicatlon system, two hardened

ntennam sczuctures could be counsidered. Likewise, more than two hazdened
antennae stsucturas could be considered for a system of communication
facilicies. The selection of a redundrnt hazdened communication strzuczurze
will depend on the impor=ance and/o:z hardness level o2 the primacy
sommunication facilisy. It ls also possible That two Structuzes At a _ower
rated hardness level have & betzer chance »f survival thar a singie

structuze rated at a much hagher level,
4,2.0 Harzdness Cost Trade-02f:,

Shown in Flgures 37 and $8 are the relative construction coscs of
saveral silo structures, including the cost of power supplies and lifiing
nechanisms to open closures and zaise antennae.

Tor example, assume a struccture with a dome closure, see Figure 538 for
z@.ative Sosts. Based on practical limitations of space requized £oz
acquipment and rattlespace, the inside diameter of such structures will mosc
iikely exceed 8 faet, see Tigures 48, 49, and 50. Cbserve that zhu
rattlespace requirements at the high overpressuzes are appreciable.
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Thezefsre, for example purposes based on zealistic assumpticins,
determine the cost of one dome closure structuze that 18 12 faet in diameter
and 20 feet long and located at the 15,000-psi overpressure level., f:a2m
Figure 58, the relacive cost of this stzucture is abous: 8530,000.

Compare this with the cost of two l2~foot-diametnr stzuctures that are
20 faez long (actuvally the comparzative dimension would ba less because the
racclespace Ls less) and located at the 5,000-psi overpreisuzs ilevel. Again
fzom Figure 58, the zelative zost of two structures ls about: 2 x $180,9300
= §36C,000. Consequently, the construction cast of bulilding two stzuctuzes
at the 5,000-psi range (880 feet from G2) is a“out $170,000 .ess =han
building one strzucture at :he 15,000~psi range (600 feet Zzom S2)., 7The
estimatel cost of excavating and backfilling for sach structuze wculd be
about $15,J00. Hence in this case, if the cost of the communication system
is less than $150,000, two struczuzes at the lower ovarpressure level sould
se bulln for zhe price 5f one structure at the higher overpressure leve..
The cost of the shock isolation system for the structurs’ at zhe .5,000-psi
level is assumed to be about the same #s the cost for the shock isolation
systems £for the two structures located at the §,000-psi pressuras level.

Based on the information shown in Ffigures 57 and $8, a planner should
net only be able to deveicop astimates showing the relative costs for

hardening antennas structures, but also be able 0 prepare a cealistic ¢ost

estimate for the facllity.
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SECTION 3§
DISCUSSION, CCONCLUSIONS AND RECCMMENDATICNS

In this section, the discussion and conclusion zemazks have been
combined wizh zecommendations prezented sepazataly.

$.1 DISCUSSION AND CONCLUSICONS.

In genezal, :=he authors believe that work presented in this reporzt
representcs an excellent source document for the initial design and
prepazation of cost estimates for hardened communication structures. Based
on operational considerations, novel closure designs were examined that show
promise for antenna striactures. Some of the pertinent featurss presented in
the zepozrs are discussed in the following parzagraphs.

$.1.1 Response Spectra,

Verzical and hozizontal response spectra werse cleveloped for a 1-MT
surface burst for thzree ground zanges associated with overpressure .evels of
500, $,000 and 15,000 pal, for airblast-induced shock:; direct-induced shock:
and late~time, cratez-induced motioen (primazily horizontal).

The contzolling vertical and horizontal zesponse spectrsa are that
produced by airblast-induced shock.

$.1.2 Equipment Fragility Level,

Shown in Flguzre 23 aze "sure safe" vertica. and horizontal shock spectcsa
Zor several different types of equipment. Compazing these values =0 chose
shown in Flgures 20 and 21 for vertical and horizontal shock spectza £or a
1-MT weapon, it is appazent :hat the equipment (pipes, radioc recsivers,
alectrical panel boazds, batteries, ailz-conditioning units, etc.) would

requize shock isolation in order to suzvive even at the $C0-psi level.

$.5.3 Design of Structural Elements.

Procedures for determining the static zesistance and dynamic design were

presented for 31ab-Gvpe glosured, Gome-tvpe ¢losured, 2ilos and base slabs




for si.9s. In addition, c=he solutions weze presented in graphic form making
it possible t2 design a hardened antenna stzucture dizectly %o resist zhe
effacts of a 1-MT surface detonation over a sandy silty soil. The methoed
should alse produce a good firstecrial design for other soil

conditiona.

$.2.4 Lifting Concept for Dome Closure.

The dome closure allows the antenna to OCCupy space just under the
closure which is an efficient utilization of this space fzom a Lifting and
opezation standpoint, see Figure 48, The engagement distance for the
lifelng zam to make contact with the closurzre is governed by =he vertical
rattlespace requirements, The antenna zides up with'tho iesing zam and
af=er the dome opens is in position for sending and receiving
communications.,

3.1.% Lifting Concept for Slab Closurze.

Several sliding slab concepts for both whip and directicnal antennae azs
shown in Figures 1 and 2. Tor the whip antenna, the split closuze only
needs to open enough to allow the antenna to be raised., For the pop~up and
fold=-cut dizeczional antennae, the split closure needs to open more to allow
the antenns =2 be raised. For the pop-up directicnal antenna, the entirze
closure needs to slide out of the way. Assuming chat 3 feet of e‘ecta (soil
cover) cover a slab represents the maximum depth of ejecta Zor wnich the
siosure tan operate (slide horizontally), then based on edecta depths wish
range shown in Figure 8, the maximum gzound suzface oSverpressure foz
considezation would be abour 5,000 pai (880 feet) for this type of slad
Slosure., Tor greater overpressure levels, rise~ and rotate-type closures
wouid probably be requirzed. At the 5,000 psi zange, the peak horizontal
dispiacemant would be about 1.5 Zfeet and zhe permanent horizontal
displacement would be about 0.75 feet. These lurge displacements require

special design consideration foxr Lazge horizontal excursions Z2or a sliding-
type closure.

5.1.6 Equipment Spacs Requirements.

Space requirements were based on the size of receiving and transmizting
squipment for communication, alternate power supplies to operate the llfting
156



mechanisms £or both the closure and antenna as wel. as the communiczaticn
equipment, air-conditioning systems, air-sxhaust systems and a sump pump. A
space 8 feet in diameter by 24 feet long s requiced to house all the
equipment necessary for one week of continuous operation. A space 10 feet
in diameter by 18 feet long is zequired to house all the equipment necessary
for gne _mongh of continuous cperation. For a structuze with a slab=:ype
closure, the silo would need to be longer than a silo with a dome-type
closuze to accommodate space for a dished antenna.

$.1.7 Rattlespace Requirements.

The estimated zattlespace requirements have also been included in
Figure 48 to provide an appropriate vertical and hozizental shock isolation
system to protect the equipment located on the internal support system.
These present firzst-cut estimates and probably would be refined duzing the

final design when better values of coupling and system frequencies aze
detezmined,

$.1.8 Hardness=Cost Trade-0ffs.

The primarzy construction costs versus overpressuzre £or antenna
structures having 4, 8, and 12 foot inside diametezs are shown in Figuze 37
for slab closures and Figuze 38 for dome closures. By fizst compaxzisons, io
would appear that the structure with the dome closure costs a great deal
more than a comparable structure with a slab closuze. It shou.d be noced
that the dome closure provides more usable space, and =hat 2he slab closure
system would zequire a greater length silo to provide compazablie usable
space; hence, the cost would increass. It can be cbsezved that costs aze
greater with increases in the diameter and the pressure the system must
resist. It is believed that sufficient information is provided %5 make
hardness-cost trade-off evaluations for communication systems =ypical %o
those described in =his report.

5.2 RECCMMENDATIONS.

Recommendations are presented for use of this report and a test program

supportive of hardened stzuctures to house antennae.




£.2.5 2nitial Design of Hardened Antenna Stzuctures.

it is recommancded that the information in this report be used for :he
inisiai design of harzdened stzuctures =2 house wihip and dizectional
sncennae. It is also recommended that the cost information presented be
used S0 make relative cost estimates as well as actual cost estimates for
the several types of hazdened structures discussed,

£,2.2 Test Przogram,

The concepts of a split slab closure and a dome closure that opens .Like
petals on a flower zequire testing before such geometzies can be used in a
real system, It ls recommended that a cest program be ceveloped f£or zise
and rotate slabs and for domes that open. The test program should include
the mechanical designs for cperating the closures as well as zaising the
antennae systems. 3aoth ecncop:s-should be evaluated on how effective they
aze in pushing cthrough varicus thicknesses of soil cover (electa). Finally,
the systems should be tested in a HEST-type envirzoenment that simulates the
blast and shock 2zom a nuclear event, Some model tests would be desi:zable,
but at least a half-scale test would be rzequired 20 check out the
mechanical, hydzaulic and communication equipment in such a system to a
reallstic blast and shock envizonnens.

Another possible system that could be very effective in mitigating
vercical motion %o the internal equipment would be the use 9f a "floating
base slab." Upon loading, the silo punches into the soil like a cookio
cutter, thus sheltering the base slab fzom the intense vercical shock. :Ia
this mannez, only the vertical rattlespace (see Figure 48) at the sop of
the equipment stack should need to be considezed, thus minimizing the lengeh
of the silo. Special attention would be requized for the horizontal shock
isclation. For example, the supporting stzucture attached to the base siab
couid use rotatablie connectlions,
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